Abstract. Cisplatin is one of the most effective and widely used chemotherapeutic agents against several types of human cancers. However, the underlying mechanisms of action are not fully understood. We aimed to investigate the possible molecular mechanism(s) of acquired chemoresistance observed in prostate cancer cells treated with cisplatin. Human LNCaP cells (bearing wild-type p53) and PC-3 cells (lacking p53) were used. The expression levels of protein were determined by western blotting, and the mRNA levels were determined by reverse transcription-polymerase chain reaction (RT-PCR). Cell viability was measured by MTT assay, and the transcriptional effect of small interfering RNA (siRNA) was measured by luciferase reporter gene. We showed that cisplatin treatment increased JNK-1 and JNK-2 activity and expression in both LNCaP and PC-3 cells. In addition, the knockdown of JNK-1 expression by siRNA-JNK-1 or siRNA-JNK-2 significantly impaired the upregulation of AP-1 luciferase reporter gene, but failed to decrease the levels of AP-1 reporter gene expression induced by TPA treatment. Our observations indicate that JNK-1 and JNK-2 may be involved in the chemoresistance observed in prostate cancer cells treated with cisplatin and that blocking the stimulation of Jun kinase (JNK) signaling may be important for regulating the susceptibility to cisplatin of prostate cancer.
Introduction
The Jun kinase (JNK) pathway is a member of the mitogen-activated protein kinase (MAPK) pathways involved in signal transduction, and is an important cellular pathway associated with oncogenic transformation triggered in response to DNA damage (1, 2) . JNK phosphorylates c-Jun (a component of the AP-1 transcription complex, consisting of heterodimers of the Fos, Jun and ATF-2 family of proteins) on serine 63 and 73 in the N-terminal domain, thereby greatly enhancing transcriptional transactivation by c-Jun (3) (4) (5) . Thus, phosphorylation of c-Jun at serines 63 and 73 leads to increased formation of the AP-1 complex consisting of c-Jun and a member of the Fos family of transcription factors or c-Jun in complex with NH 2 -terminal phosphorylated ATF-2. JNK activation has been correlated with apoptosis induced by death receptor activation (Fas and TNF-α) and cellular stress (6) (7) (8) . However, JNK is also activated by non-apoptotic stimuli (8, 9) . In fact, JNK is strongly induced in response to a variety of DNA damaging treatments such as UV irradiation (10) , DNA damaging chemotherapeutics such as cisplatin (11, 12) , camptothecin (13) and etoposide (14) , as well as epidermal growth factor (EGF) which causes rapid induction of both JNK and ERK signaling pathways (15, 16) . The downmodulation of the EGF signaling pathway by EGF pre-treatment was found to inhibit UVB-induced JNK-1 activation (17) . Members of these pathways have been the subject of intense interest in recent years owing to their role in mediating numerous growth factors and in responding to numerous agents and cytokines, in inflammatory stimuli and DNA damaging agents. Activation of the JNK pathway by any of the various upstream mechanisms leads to activation of central kinase, which acts directly on 3 major regulatory proteins, c-Jun, ATF-2 and Elk-1 by phosphorylating serine residues of activation domains which greatly increases their transcriptional (c-Jun, ATF-2) or DNA binding (Elk-1) potential. In fact, activation of the JNK pathway potentially influences the regulation of gene promoters bearing 7-bp AP-1 sites (18, 19) . Several DNA repair genes that are known to be involved in cisplatin DNA adduct repair contain ATF/CREB regulatory elements in their promoters (12, 20) . These genes are known to be activated by DNA damage and are of the type known to be activated by JNK. Indeed, several studies have shown that the JNK pathway is activated by DNA damaging chemotherapeutic agents such as cisplatin and that this pathway is required for repair of cisplatin DNA adducts (12, 21, 22) . It has been previously observed that the NH 2 -terminal JNK pathway is required for formation of a variety of human tumors both in vivo and in vitro (2, (23) (24) (25) . It is known that the chemotherapeutic agent cisplatin, which damages DNA through the formation of bi-functional platinum adducts (25) , activates JNK/SAPK up to 10-fold in a dose-dependent manner (12, 26) . Nevertheless, activation of the JNK/SAPK pathway by genotoxic stress appears to be general. Several other well characterized DNA damaging agents have been shown to activate JNK/SAPK (12, 16, (27) (28) (29) . Thus, JNK is activated by cisplatin-induced DNA damage and is required for DNA repair and survival following cisplatin treatment (12, 30) . Further evidence for the generality of the role of the JNK pathway in response to cisplatin comes from studies using a dominant-negative c-Jun (3, 4, 31, 32) . To analyze the mechanisms of sensitivity of tumor cells to cisplatin by inhibition of the JNK-1/JNK-2 pathway, we tested whether small interfering RNA (siRNA) against Jnk-1 and Jnk-2 was able to induce loss of viability thereby sensitizing tumor cells to cisplatin. In the present study, we provide data showing that specific inhibition by siRNA led to a block in JNK-1/JNK-2 expression leading to loss of viability and cell growth arrest thereby sensitizing PC-3 and LNCaP prostate tumor cells to cisplatin treatment.
Materials and methods
The protease inhibitors, phenylmethylsulfonyl fluoride (PMSF), leupeptin, pepstatin, aprotinin and bestatin, were purchased from Roche (San Francisco, CA, USA).
[γ-
32 P]ATP was purchased from Amersham Pharmacia Biotech (Piscataway, NJ, USA). T4 polynucleotide kinase and poly(dI-dC) 20 Cell lines and culture. Human prostate carcinoma cell lines PC-3 and LNCaP were a gift from Dr Dan Mercola (The SKCC, La Jolla, CA, USA). The cells were cultured in RPMI-1640 medium supplemented with 100 ml/l fetal bovine serum (FBS), 8x10 5 U/l penicillin and 0.1 g/l streptomycin in a humidified incubator containing 50 ml/l CO 2 at 37˚C (14, 15) . The antibodies used for western blotting included those against protein kinase JNK-1, JNK-2, (Santa Cruz Biotechnology, Inc) and β-actin (Sigma Chemical Co.). Western blot analysis was performed as previously described (33) .
siRNA preparation and transfection of small interfering RNA. siRNA oligonucleotides with two thymidine residues (tt) at the 3'-end of the sequence were designed for JNK-1 (sense, 5'-AAG CCCAGTAATATAGTAGTA and antisense, 5'-TACTACTA TATTACTGGGC-3') and JNK-2 (sense, 5'-CATGATGTT ATCATATCTTAT-3' and antisense, 5'-ATAAGATATG ATAACATCATG-3'). Cells were treated in parallel with a non-silencing siRNA (sense, 5'-AATTCTCCGAACGTGT CACGT-3' and antisense, 5'-ACGTGACACGTTCGGAGA ATT-3') as control. Oligonucleotides were synthesized by Shanghai Genechem Co. Ltd. The cells were cultured in medium without antibiotics, and 24 h before transfection resulting in a confluence of the cell monolayer by 60-80%. Jnk-1-siRNA and Jnk-2-siRNA or non-silencing siRNA (70 nmol) were mixed with Lipofectamine™ 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's recommendation and added to the cells. After 6 h at 37˚C, the medium was replaced and the cells were cultivated in RPMI-1640 supplemented with 10% heat-inactivated FBS (33, 34) .
Western immunoblot analysis. PC-3 and LNCaP prostate carcinoma cells lines (5x10 5 ) were seeded onto 6-well plates. Forty-eight hours after transfection, cells were collected and washed twice by cold PBS, and each well was treated with 50 ml lysis buffer (2 mmol/l Tris-HCl, pH 7.4, 50 mmol/l NaCl, 25 mmol/l EDTA, 50 mmol/l NaF, 1.5 mmol/l Na 3 VO 4 , 1% Triton X-100, 0.1% SDS, supplemented with protease inhibitors 1 mmol/l phenylmethylsulfonyl fluoride, 10 mg/l pepstatin, 10 mg/l aprotinin and 5 mg/l leupeptin) (all from Sigma-Aldrich, St. Louis, MO, USA). Protein concentrations were determined using the Bradford protein assay. Equal amounts of protein (50 µg) were separated on a 15% SDS polyacrylamide gel and transferred to nitrocellulose membranes (Hybond C; Amersham, Freiburg, Germany). Membranes were blocked in 5% non-fat dry milk in TBS for 1 h at room temperature and probed with rabbit anti-JNK-1 (sc-1648) and anti-JNK-2 (sc-571) antibodies (dilution, 1:500) overnight at 4˚C. After 3 washings with TBS containing 0.1% Tween-20, membranes were incubated with anti-rabbit IgG-horseradish peroxidase (1:5,000; Santa Cruz Biotechnology, Inc.), and developed by luminal mediated chemiluminescence (Appylgen Technologies, Inc., China). To confirm equal protein loading, membranes were reprobed with a 1:1,000 dilution of an antiactin antibody (Santa Cruz Biotechnology, Inc.). Densitometric analyses were performed using Scion Image software (35) .
Reverse transcription-polymerase chain reaction (RT-PCR).
PC-3 and LNCaP prostate carcinoma cell lines (5x10 5 ) were seeded onto 6-well plates. Total RNA was extracted 48 h after transfection using TRIzol reagent. Reverse transcription was performed using One Step RT-PCR kit. The primers included Jnk-1, 5'-CGTCTGGTGGAAGGAGAGAG-3' (forward primer) and 5'-TAATAACGGGGGTGGAGGAT-3' (reverse primer); Jnk-2, 5'-TCTGACGTCCTGGGCTGGAC-3' (forward primer) and 5'-GCAGCAGCCCTCAGGATCCT-3' (reverse primer); human β-actin, 5'-TCACCAACTGGGACGA CAT-3' (forward primer) and 5'-GAAGTCCAGGGCGACG TAG-3' (reverse primer). Thermal cycling conditions were as follows: 42˚C for 30 min, 94˚C for 2 min, followed by 28 cycles of 94˚C for 15 sec, 55˚C for 30 sec, 72˚C for 1 min, with a final extension at 72˚C for 10 min. RT-PCR products were visualized by ethidium bromide-stained agarose gels and the images were scanned using a UV light.
Kinase assays (JNK-1 activity). Cells were incubated in the absence of serum for 16 h and then treated with various agents. They were then washed twice with PBS and lysed in ice-cold lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerol phosphate, 1 mM sodium orthovanadate, 1 µg/ml leupeptin and 1 mM phenylmethylsulfonyl fluoride). The extracts were centrifuged to remove cellular debris, and the protein content of the supernatants was determined using the Bio-Rad protein assay reagent. Protein (100 µg) from the lysate samples was incubated at 4˚C overnight with the N-terminal c-Jun (1-79) and ATF-2-glutathione S-transferase fusion protein bound to glutathione-Sepharose beads in order to selectively precipitate JNK-1 and p38 from the cell lysates. Next, the beads were washed to remove non-specifically bound proteins. Then, the kinase reaction was carried out in the presence of cold ATP, and samples were resolved on 12% SDS-gel electrophoresis followed by western blotting with the phospho-specific c-Jun antibody. This antibody specifically recognizes JNK-1-induced phosphorylation of c-Jun at Ser63, a site important for c-Jun-dependent transcriptional activity (36) .
Cell toxicity assay (MTT).
The effect of cisplatin on antitumor activity in human LNCaP and PC-3 prostate carcinoma cells was determined by the MTT survival assay, or using a commercial MTT assay kit (CellTiter 96 ® AQueous One Solution cell proliferation assay; Promega Corporation) according to the manufacturer's instructions. The MTT survival assay was performed as described previously (37) . The MTT assay is a commonly used method to evaluate cell survival, based on the ability of viable cells to convert 3-(4,5-dimethylthiazole-2-yl)-2,5 diphenyltetrazolium bromide (MTT), a soluble tetrazolium salt, into an insoluble formazan precipitate, which is quantitated by spectrophotometry following solubilization in dimethyl sulfoxide (DMSO). Briefly, LNCaP and PC-3 cells untreated and treated with cisplatin alone, or the combination of siRNA and cisplatin in 96-well tissue culture dishes were incubated with MTT (2 mg/ml) for 4 h. The cells were then solubilized in 125 ml of DMSO, and absorbance readings were taken using a 96-well Opsys MR™ microplate reader (Thermo/Labsystems, Chantilly, VA, USA). The amount of MTT dye reduction was calculated based on the difference between absorbance at 570 and 630 nm. Cell viability in treated cells was expressed as the amount of dye reduction relative to that of the untreated control cells. The wells which contained only medium and 10 ml of MTT were used as blanks for the plate reader. Three sets of experiments were performed in 8-12 wells for each treatment.
Results
The ability to turn off individual genes at will in growing cells provides a powerful tool for elucidating the role of a particular gene and for therapeutic intervention when that gene is overexpressed or mutated. Since the discovery of siRNAs as the key mediators of RNA-induced gene silencing, they have been applied to inhibit the expression of a wide variety of target genes. Two of them, the Jnk-1 and Jnk-2 genes expressing the respective kinases with important functions in the regulation of growth and differentiation, are involved in the transformed phenotype of several types of cancers.
TPA and cisplatin activate the JNK-1 pathway in PC-3 and
LNCaP prostate carcinoma cell lines. c-Jun-NH 2 kinase (JNK) is among the protein kinases that play an important role in cellular stress response via the phosphorylation of c-Jun, ATF-2 and p53. Activation of JNK-1 by UV irradiation requires cooperation between membrane and nuclear components, including DNA lesions per se. To determine whether TPA and cisplatin activate the JNK pathway in PC-3 and LNCaP cells, cells were cultured in 10% PBS and treated with different stimuli (Fig. 1 ) such as TPA (30 nM), cisplatin (300 µg/ml) and transplatin as the control. JNK-1 activity was measured 1 h after the treatments, as described in Materials and methods. Results showed that addition of TPA and cisplatin activated JNK-1 and JNK-2 activities, while transplatin did not have any effect in inducing JNK activity (Fig. 1) .
Jnk-1-siRNA and Jnk-2-siRNA specifically inhibit the expression of JNK-1 and JNK-2 protein, respectively.
In order to determine whether a causal link exists between JNK activity and protein expression, we used specific siRNAs against JNK-1 and JNK-2 complementary to mRNA sequences common to either JNK-1 or JNK-2. To examine the specific effect of the abovementioned siRNAs on prostate cancer cells, the proteins and mRNA levels were determined by western blotting and RT-PCR analysis, respectively. Results are displayed in Fig. 2A and B. JNK-1 and JNK-2 protein and mRNA were strongly expressed in the LNCaP prostate carcinoma cell lines as reflected by western blotting. JNK-1 and JNK-2 protein expression was strongly inhibited by siRNA against the named kinases. The inhibition was completely compared with the control or non-silencing siRNA. (Fig. 3A) . LNCaP cells were also untreated (lane 1), treated with cisplatin (lane 2), treated with non-silencing siRNA (lane 3) and treated with siRNA-JNK-1 or siRNA-JNK-2 (lane 4) (Fig. 3B) . Cisplatin was able to markedly increase the mRNA expression of JNK-1 and JNK-2 in both PC-3 and LNCaP cell lines. Non-silencing siRNA did not have any effect on the expression of mRNA. Moreover, siRNAs against JNK-1 and JNK-2 were able to decrease the expression of mRNA in both PC-3 and LNCaP prostate carcinoma cell lines. The integrity of each RNA sample was confirmed by using primers to the human β-actin gene (Fig. 3A and B bottom lanes).
Semi-quantitative analysis of JNK-1 and JNK-2 mRNA expression by RT-PCR in human PC
Transfection with siRNA-JNK-1 and siRNA-JNK-2 blocks the effect of TPA (30 nM) and cisplatin on the transcriptional activity of the reporter gene. To show that the blocking of JNK-1/JNK-2 activity inhibits the activation of promoters bearing a tandem repeat of AP-1 response elements, transient transfection studies were carried out using a reporter construct bearing the consensus or classic AP-1 site repeated in tandem (4x) driving expression of a luciferase reporter gene. Expression of this reporter in untreated or PC-3 and LNCaP cells transfected with non-silencing siRNA (Fig. 4 ) led to little activation, whereas TPA (30 nM) and cisplatin treatment strongly enhanced expression of this reporter. The TPA or cisplatin-induced expression of the reporter gene was inhibited following transfection with siRNA-JNK-1, suggesting that siRNA against JNK-1 enhances the sensitivity of PC-3 and LNCaP for cisplatin. However, TPA in the presence of JNK-1-siRNA (bar 8, Fig. 4 ) was unable to reverse the inhibitory effects of JNK-1-siRNA (bar 5, Fig. 4 ) compared with the effect of TPA alone (bar 3, Fig. 4) , and observed in the transcriptional activity expressed as luciferase activity (Fig. 4) . The results are consistent with the fact that activation of the JNK pathway leads to phosphorylation of at least 3 principal transcription factor including Elk-1, ATF-1 and c-Jun. Thus, phosphorylation of c-Jun at serines 63 and 73 leads to increased formation of AP-1 complexes consisting of c-Jun and a member of the Fos family of transcription factors.
siRNA-JNK-1/2 increases the sensitivity of PC-3 and LNCaP cells to the antiproliferative effect of cisplatin.
In light of the important role of JNK in the antitumor action of cisplatin, we hypothesized that concurrent inhibition of JNK-1/JNK-2 signaling by siRNAs could sensitize PC-3 and LNCaP cisplatin-resistant cells to the antiproliferative activity of this chemotherapeutic drug. To test this hypothesis, PC-3 and LNCaP cells were exposed to an indicated concentration of cisplatin (300 µg/ml) alone or in combination with siRNA-JNK-1 and siRNA-JNK-2 for 48 h. Fig. 5 demonstrates the ability of JNK-1 and JNK-2 siRNAs to improve the sensitivity of PC-3 and LNCaP cells to cisplatininduced cell death. Cisplatin alone caused an increase in viability of ~40 and 50% (lane 3), respectively; a reduction in cell viability was observed after siRNA-JNK-1 or siRNA-JNK-2 treatment (lanes 4 and 5). Further reduction in cell viability was observed in cells treated with both cisplatin and siRNA-JNK-1 or siRNA-JNK-2 (lanes 6 and 7) and the combination of siRNA-JNK-1 and siRNA-JNK-2 achieved ~63% cell death (lane 8), similar to either, siRNA-JNK-1 or siRNA-JNK-2. Notably, siRNA against Jnk-1 or Jnk-2 was able to overcome the resistance of PC-3 and LNCaP cells to cisplatin.
Discussion
We analyzed the role of the JNK pathway to mediate cisplatindriven transformation in prostate carcinoma cell lines. To test the transforming role of JNK in prostate carcinoma, we examined two prostate cell lines, PC-3 and LNCaP. We employed siRNAs that abrogated the expression of either JNK-1 or JNK-2. siRNA methods were applied in vitro and confirmed that inhibition of the JNK pathway blocked expression of the transformed phenotype as manifested by activity, protein expression, mRNA, transcription and cell viability. It has been demonstrated that the kinases JNK-1 and JNK-2 are expressed in a high proportion of most types of human cancers, including breast, prostate, gastrointestinal cancer, lymphoma, melanoma and myeloid leukemia (38) (39) (40) . Expression of the nonphosphorylatable mutant, c-Jun 63-73, reduces growth by 30-50% in human tumor cells (42, 43) and the altered expression of JNK-1 or JNK-2 seems to define a common event associated with pathogenesis (44) . Although some studies previously revealed that the effects of inactivation of JNK-1 and JNK-2 in some cell lines were modest (45), other groups using different approaches to reduce the protein levels, found that a decrease in JNK-1 and JNK-2 expression inhibited the growth of several types of tumor cells, including breast tumor cells. In fact, the oncogenic role of JNK has been recognized in human breast cancer cells (23, 46) , such as the mediation of the transformation by Bcr-Abl (46) . In this study, we observed that treatment of serum-stimulated prostate carcinoma cells with siRNA-JNK-1 was more effective than siRNA-JNK-2. In contrast, treatment with siRNA-JNK-2 had little effect on both PC-3 and LNCaP cells similar to treatment with the non-silencing siRNA or the untreated cells. These results are in agreement with other studies which demonstrated the role of the JNK pathway and its effect on several types of human cancers (27) (28) (29) including the observations suggesting that the JNK/SAPK pathway may play a major role in the transformation process (43, 44) . Our results demonstrated that siRNAs can effectively downregulate the endogenous JNK-1 or JNK-2 expression with great specificity. This downregulation may involved the participation of several genes, demonstrating autoregulation of the pathway since c-Jun is known to be activated by genotoxic stress, including cisplatin (45) . As JNK inhibition by siRNA results in decreased activation and expression of JNK-1 and JNK-2, we next determined the effect of JNK inhibition on AP-1 activation by transfection of the AP-1-luciferase plasmid, which contains four tandem copies of the AP-1 consensus sequence. Since activation of the JNK pathway leads to phosphorylation of at least 3 principal transcription factors including Elk-1, ATF-1 and c-Jun, we aimed to ascertain whether siRNAs against JNK-1 and JNK-2 affect the transcriptional activity of c-Jun. As we know, phosphorylation of c-Jun at serines 63 and 73 leads to increased formation of AP-1 complexes consisting of c-Jun and a member of the Fos family of transcription factors (3, 4, 31, 46) . Thus, transient transfection of 4x AP-1-luciferase in PC-3 and LNCaP cells treated with either TPA or cisplatin significantly increased AP-1 reporter activity, but this increase in transcription activity was strongly reversed by JNK-1-siRNA, but only partially by JNK-2-siRNA. Similarly, a viability assay showed that cell transfection with either JNK-1-siRNA or JNK-2-siRNA was able to induce growth arrest in cells treated with cisplatin. Given the fact that it has been previously demonstrated that inhibition of c-Jun by a dominant-negative c-Jun sensitizes cells to cisplatinum toxicity (3, 4, 31) and that JNK-1 and JNK-2 is upstream on c-Jun in the JNK pathway, it is reasonable to believe that these small interfering RNAs would be effective in sensitizing resistant cells to chemotherapeutic treatment. In summary, the present results suggest that blocking the JNK pathway may increase cisplatin sensitivity in PC-3 and LNCaP prostate carcinoma cell lines. Moreover, an optimum result was observed for siRNA-JNK-1 treatment in both PC-3 and LNCaP cells.
